ABSTRACT: So-called 'cleaner fish', including various wrasse (Labridae) species, have become increasingly popular in Norwegian salmon farming in recent years for biocontrol of the salmon louse Lepeophtheirus salmonis. Cleaner fish mortalities in salmon farms are, however, often high. Various bacterial agents are frequently associated with episodes of increased cleaner fish mortality, and Vibrio tapetis is regularly cultured from diseased wrasse. In the present study, we investigated the genetic relationships among 54 V. tapetis isolates (34 from wrasse species) by multilocus sequence analysis (MLSA; rpoD, ftsZ, pyrH, rpoA and atpA). In the resulting phylogenetic tree, all wrasse isolates belonged to sub-clusters within V. tapetis subsp. tapetis. Slide agglutination testing further confirmed the complete dominance amongst these isolates of 4 O-antigen serotypes, designated here as V. tapetis subsp. tapetis serotypes O1, O3, O4 and O5, respectively. A pilot challenge trial using serotypes O3, O4 and O5 did not indicate high pathogenicity towards ballan wrasse Labrus bergylta, thus questioning the role of V. tapetis as a primary pathogen of this fish species.
INTRODUCTION
The use of 'cleaner fish' as biological control agents of salmon louse Lepeophtheirus salmonis has become an integral part of salmon farming in many regions along the Norwegian coast. Wild-caught wrasse (Labridae) of various species dominate, with over 15 million fish captured for this purpose in 2014 (Norwegian Directorate of Fisheries 2015) . The main wrasse species utilised are goldsinny Ctenolabrus rupestris, ballan Labrus bergylta, and corkwing Symphodus melops. Farming of ballan wrasse and lumpsucker Cyclopterus lumpus has also been initiated to meet the growing demand for cleaner fish.
High mortality levels constitute a major obstacle to sustained use of cleaner fish in Norwegian aquaculture (Nilsen et al. 2014) , both in terms of animal welfare and in regard to extensive exploitation of autochthonous and largely uncharted wild wrasse populations (Skiftesvik et al. 2015) . Bacterial infec-tions are among the most common diagnostic findings following investigation of cleaner fish mortalities (Johansen 2013 , Hjeltnes 2014 , Bornø & Lie Linaker 2015 .
Vibrio tapetis is among the bacterial agents more regularly cultured from moribund and dead wrasse of all species used as cleaner fish in Norway. While perhaps best known as the causative agent of brown ring disease in clams (Paillard 2004) , this bacterium has also been associated with disease in various wild and cultivated marine fish species (Reid et al. 2003 , López et al. 2011 , Declercq et al. 2015 , Levican et al. 2017 , including corkwing wrasse (Jensen et al. 2003 , Bergh & Samuelsen 2007 .
As sustainable production of farmed cleaner fish will presumably depend upon development of effective vaccines against bacterial pathogens, identification and confirmation of the pathogenic nature of relevant bacterial species is necessary. It remains uncertain whether V. tapetis constitutes a true pathogen of wrasse species used as cleaner fish, and only one such isolate (from corkwing wrasse) has to date been characterised (Jensen et al. 2003) . In order to facilitate selection of representative strains for further investigation, the primary aim of the present study was to examine the genetic and antigenic relationships amongst V. tapetis isolates recovered from wrasse. A number of isolates from these fish and other hosts were characterised using multilocus sequence analysis (MLSA) and serotyping. A preliminary infection challenge trial in ballan wrasse was also conducted.
MATERIALS AND METHODS

Bacterial strains and culture conditions
Gene sequence information for MLSA from 54 Vibrio tapetis isolates, including 34 from wrasse, was obtained by sequencing or via GenBank. Isolates sequenced in our laboratory derived primarily from diagnostic investigations at the Norwegian Veterinary Institute (NVI) during the period 2009 to 2013. Selected strains acquired from reference laboratories were also included. Information on all examined isolates can be found in Table 1 .
Primary cultures (5% bovine blood agar with 2% NaCl; BA2%) were predominantly obtained by aseptic culture of head kidney tissues from deceased or moribund fish, incubated at 15°C for up to 1 wk. Subsequent identification of secondary pure cultures as V. tapetis consisted of phenotypic characterisation (Table 2 ). This biochemical analysis was in some cases (e.g. due to ambiguous/discrepant profiles) supplemented with partial 16S rDNA sequencing.
Isolates/strains cryopreserved on heart infusion broth (with 20% glycerol and 2% NaCl) at −80°C were revived on BA2% at 15°C for 2 to 3 d. Infection trial cultures were produced in heart infusion broth supplemented with 2% NaCl (HIB2%) as follows: preparations of 40 ml HIB2%, inoculated with 1 ml HIB2% overnight culture, were incubated overnight at 15°C with shaking (150 rpm). The cultures were then centrifuged at 3283 × g for 10 min, the supernatant discarded, and the pellet re-suspended in physiological saline to an absorbance of approximately 1.0 at 600 nm. Following another centrifugation step (3283 × g for 5 min), 30% of the supernatant was discarded, the pellet re-suspended, and serial dilutions with physiological saline made on ice (tenfold; undiluted to 10 −8
).
DNA extraction, PCR and sequencing
Genomic DNA was extracted by boiling a single bacterial colony in distilled water (dH 2 O) for 7 min, followed by centrifugation and use of the supernatant as a PCR template. Housekeeping gene target loci consisted of partial sequences of the genes encoding RNA polymerase σ-factor (rpoD), cell division protein (ftsZ), uridylate kinase ( pyrH), RNA polymerase α-subunit (rpoA) and α-subunit of bacterial ATP synthase (atpA). Housekeeping gene PCR (primers, setup and thermal cycling conditions) and sequencing was conducted as previously described (Gulla et al. 2015) . Partial 16S rDNA sequencing of selected isolates was conducted as described by Suau et al. (1999) .
Sequence analysis
Contigs were assembled (Geneious v.7.1; Biomatters), trimmed and adjusted (MEGA6; Tamura et al. 2013), aligned (ClustalX; Larkin et al. 2007 ) and concatenated as previously described (Gulla et al. 2015 Table S1 in the Supplement at www.int-res.com/articles/suppl/d125p189_supp.pdf. NVI-prefix: strains recovered and cryopreserved (−80°C) at the Norwegian Veterinary Institute sequences (432 bp) were not included in the concatenated analysis. Maximum likelihood (ML) trees based on DNA sequences were constructed (PhyML v.3.0; Guindon et al. 2010 ) and edited (MEGA6), and selection pressures were evaluated (codon-based Z-test in MEGA6), as previously described (Gulla et al. 2015) . Additionally, ML trees based on translated housekeeping genes were also constructed using default settings in PhyML v.3.0. Colour-coded concatenated and single gene trees were visually checked for discrepant clustering patterns indicating possible recombination events. For each unique concatenated sequence type, the complete set of partial housekeeping gene se quences from a single representative isolate was submitted to GenBank (see Table S1 in the Supplement at www. int-res. com/ articles/ suppl/ d125 p189 _ supp. pdf; accession numbers KU901706-KU901711 and KU925503-KU925562).
Antisera production and serotyping
Three isolates from ballan wrasse (NVI-7627, NVI-7684 and NVI-8197), each representing a distinct cluster following MLSA of concatenated sequences, were cultured on BA2% as described above. Bacterial cell preparation, immunisation of rabbits, antisera collection and slide agglutination were conducted essentially as previously described (Gulla et al. 2015) . Additionally, antisera against 3 published (Bal boa et al. 2006 , Declercq et al. 2015 ) V. tapetis serotypes -subsp. tapetis serotypes O1 (strain CECT -4600 T ) and O2 (strain GR0202RD), and the subsp. britannicus serotype (strain CECT8161 T ) -were also employed for comparison. Briefly, slide agglutination testing consisted of mixing 15 µl bacterial cells (suspended in formalin buffer and heat-inactivated by 1 h boiling) with 15 µl antiserum on glass slides. Visible agglutination of bacterial cells within 1 min of gentle rocking was registered as a positive reaction. Naïve rabbit antiserum was used to test for autoagglutination. Based on this, novel sero type designations were awarded as a continuation of the system previously used for this species (Balboa et al. 2006 , Declercq et al. 2015 .
Pilot challenge trial
The challenge trial was authorised in 2013 by the Norwegian Animal Research Authority (experiment ID 5690), and conducted the same year. Experimental fish (farmed ballan wrasse; ~30 g) with no prior disease history were transported from a cultivation facility in Western Norway to the challenge facilities at the University of Bergen, and acclimatised in a 500 l tank for 9 d following delivery. Throughout the experiment, temperature (14°C) and salinity (34 ‰ NaCl) of tank water was kept constant, and oxygen saturation of outlet water was ≥77%. Filtered seawater was used, and the water flow-through rates were 300 and 400 l h −1 , respectively, in the 150 and 500 l tanks (see below). A light regimen of 12 h light: 12 h dark was used. Lengths of plastic pipe, mimicking natural shelters, were installed in all experimental tanks to improve welfare and reduce stress. Throughout the experiment, the fish were fed daily with feed supplied by the farm of origin, but were fasted for 24 h prior to challenge.
The 3 strains used for production of antisera (NVI-7627, NVI-7684 and NVI-8197) were also used for challenge trials. Following culturing and serial dilution as previously described, fish anesthetised in 192 Culture characteristics: Grows well on 5% bovine blood agar with 2% NaCl within 2−3 d when incubated at 15 and 22°C. Slower growth with 0.5% NaCl ; subsequently referred to as high-, medium-and low-dose, respectively). To retrospectively calculate infection doses, 100 µl from dilutions 10 −5 , 10 −6 , 10 −7 and 10 −8 were spread in duplicate on BA2% plates and cultured (as previously described) prior to counting of colony forming units (CFU).
A total of 5 fish per dose per isolate were infected and distributed amongst three 150 l tanks (1 tank per strain), each of which also contained 10 unchallenged cohabitants (see Table S2 ). Five randomly selected unchallenged fish were also sampled at this point (bacteriological culturing from head kidney; see below), and 50 fish were left untreated as negative controls in the 500 l acclimation tank. Upon initiation of the experiment, fish densities were thus 5 and 3 g l −1 in challenge and control tanks, respectively. The tanks were checked twice daily for mortalities, and bacteriological samples, taken on BA2% from aseptically exposed head kidneys, were immediately obtained from dead fish. Mortalities were also subjected to external and internal visual (macroscopic) examination to check for signs of disease. The experiment was terminated 21 d after infection and all surviving fish were euthanised. All surviving i.p. infected fish, and a representative selection of cohabitants and control fish, were macroscopically and bacteriologically examined (as for mortalities).
RESULTS
Sequence analysis and serotyping
Analysis of concatenated nucleotide sequences ascertained the existence of 1 major and 2 minor genetic clusters in our material (Fig. 1a) . All wrasse isolates belonged to the major cluster which also included the Vibrio tapetis subsp. tapetis (Balboa & Romalde 2013 ) type strain (CECT4600 T ). A minor cluster was identified around V. tapetis subsp. britannicus (Balboa & Romalde 2013) . The remaining minor cluster did not comprise any previously described strains, with all 3 associated isolates originating from farmed Atlantic halibut Hippoglossus hippoglossus (juveniles) in Norway. Members of this cluster displayed 2 unique single nucleotide polymorphisms (SNPs) in the analysed 16S rDNA region, which was otherwise conserved amongst all other isolates exa mined (see Fig. S1 in the Supplement). Individual analysis of housekeeping genes revealed clus tering patterns largely consistent with the concatenated analysis.
Pairwise sequence identities (PID) for concatenated housekeeping gene DNA sequences were ≥94.9% for the material as a whole, and increased to ≥98.6% when analysis was restricted to the subsp. tapetis cluster. Sequence heterogeneity was dominated by synonymous mutations and purifying selection pressures were identified at all 5 loci (p < 0. (Fig. 1b) .
Slide agglutination testing revealed associations be tween O-antigen serotype and concatenated sequence type, although a few isolates (most notably NVI-8139 and NVI-8537) displayed serotypes in discordance with their phylogenetic affiliation (Fig. 1) . None of the isolates tested by slide agglutination reacted with more than one antiserum, nor was any auto-agglutination observed. Three novel V. tapetis subsp. tapetis O-antigen serotypes, i.e. O3, O4 and O5, are proposed for strains displaying agglutination with antiserum raised against NVI-7627, NVI-7684 or NVI-8197, respectively. The 34 wrasse isolates were distributed amongst subsp. tapetis serotypes O1 (n = 5), O3 (n = 3), O4 (n = 13) and O5 (n = 13).
In order to evaluate the taxonomic resolution of individual housekeeping genes, PID ranges were registered for the subsp. tapetis cluster (intracluster), as well as for this cluster versus the 2 minor clusters (inter-cluster). While intra-cluster PID ranges were ≥96.4% (rpoD), ≥99.0% (ftsZ), ≥99.3% ( pyrH), 100% (rpoA), ≥97.8% (atpA) and ≥98.6% (MLSA), inter-cluster PID ranges were 91.7 to 94.8% (rpoD), 92.9 to 94.0% (ftsZ), 92.5 to 94.1% ( pyrH), 98.6 to 99.0% (rpoA), 96.7 to 99.1% (atpA) and 94.9 to 96.0% (MLSA). As visualised in Fig. 2 , this means that with the exception of atpA, individual gene analysis could (within the examined material) reliably distinguish V. tapetis subsp. tapetis from non-subsp. tapetis isolates tested (i.e. non-overlapping intra-and intercluster bars). 16S rDNA sequences were not included for such analysis.
Colour-coded single gene-and concatenated (MLSA) trees were compared to enable detection of Balboa & Romalde (2013) . Isolate ID tags are followed by isolation source (host/geography). The trees were rooted against Vibrio nigripulchritudo strain SFn1 (not shown; accession no. NC_022528). Serotyping results for isolates tested are indicated by colour (see legend), and immunisation strains used for antisera production (Declercq et al. 2015 , this study) are colour-framed accordingly eventual recombination (see Fig. S2 in the Supplement). No obviously conflicting clustering patterns were observed.
Pilot challenge trial
No signs of disease nor bacterial infection were observed by visual examination or culturing from randomly selected experimental fish prior to initiation of the challenge trial. No mortalities occurred during the 21 d trial period in any of the mediumdose, low-dose, cohabitant or control groups. From the high-dose injected groups, 4 (80%) of the fish challenged with strains NVI-7684 and NVI-8197 died within 24 h after inoculation, and 2 (40%) of the fish challenged with strain NVI-7627 died within 48 h after inoculation. No further mortality occurred. No macroscopically visible signs of disease were ob served in the dead fish (10 in total), but abundant pure culture growth of V. tapetis, obtained from head kidney tissues of all mortalities, confirmed systemic bacterial infection. All re-isolated cultures were verified by slide agglutination testing as the respective challenge strains. By visual examination, all survivors appeared healthy upon termination of the experiment, and no bacterial colonies consistent with V. tapetis were cultured from sampled survivors (including i.p. infected fish). Notably, estimates based on CFU counts revealed a log difference with regards to challenge concentrations used for the respective strains (see Table S2 ).
DISCUSSION
In the present study, a previously published 5-loci MLSA scheme was used to investigate the genetic relationships of 54 Vibrio tapetis isolates, recovered primarily from diseased wrasse in Norwegian salmon farms. All 34 sequenced isolates from wrasse belonged within the V. tapetis subsp. tapetis group, and were further distributed amongst 4 O-antigen serotypes. Representative strains for 3 of the serotypes were used in a pilot challenge trial in ballan wrasse, which did not provide a strong indicator for pathogenicity towards this fish species.
Partial regions of the housekeeping genes rpoD, ftsZ, pyrH, rpoA and atpA were included in this MLSA scheme, which has previously been used to assess the phylogeny of Vibrio splendidus-related bacteria (Gulla et al. 2015) . We verified that all of these genes are under purifying selection in V. ta petis (p < 0.01), making them suitable as phylogenetic markers (Stackebrandt et al. 2002) . Varying taxonomic resolutions (PID-ranges) were observed for the tapetis isolates individual housekeeping genes (Fig. 2) . All but atpA could alone reliably distinguish subsp. tapetis from subsp. britannicus and the other putative subspecies detected (see next paragraph), although full-length analysis of this gene might have in creased its discriminatory power (Balboa & Romalde 2013) . Among the examined genes and isolates, rpoD displayed the highest resolution, and rpoA the lowest. No signs of recombination influencing the phylogenetic signal were detected (see Fig. S2 in the Supplement). All in all, the MLSA expediently resolved the phylogeny of our material, revealing one major cluster comprising the V. tapetis subsp. tapetis type strain and all wrasse isolates, as well as 2 minor clusters (Fig. 1a) . While one of these minor clusters represents subsp. britannicus (Balboa & Romalde 2013) , the other contains (exclusively) 3 previously undescribed isolates recovered from farmed Atlantic halibut juveniles in Norway. Due to the clear separation of this latter cluster from the other 2 (< 97% inter-cluster DNA PID in concatenated housekeeping genes), it presumably represents a presently undescribed V. tapetis subspecies. Notably, basic local alignment search tool (BLAST) searches using DNA sequences from the 3 isolates in question revealed < 95% PID towards available loci (rpoD and pyrH) from the recently described V. tapetis subsp. quintayensis type strain QL-9 T (Levican et al. 2017 ), indicating that they do not belong to this novel subspecies.
Slide agglutination testing revealed the complete dominance of 4 subsp. tapetis O-antigen serotypes amongst examined wrasse isolates (Table 1, Fig. 1 ). This includes the previously described serotype O1 (Balboa et al. 2006 , Declercq et al. 2015 in addition to 3 novel serotypes, proposed here as V. tapetis subsp. tapetis serotypes O3, O4 and O5. Curiously, 2 Norwegian isolates from lumpsucker (NVI-8537) and Atlantic halibut (NVI-8139), both genetically affiliated with subsp. britannicus, belonged to subsp. tapetis serotypes O2 and O3, respectively. This may be due to recombination in O-antigen biosynthesis genes, which has been shown to occur frequently in some Vibrio species (e.g. Wildschutte et al. 2010) . The 3 isolates constituting the putative undescribed subspecies showed no agglutination reaction with any of the 6 antisera tested, and presumably represent one or more distinct serotype(s).
The 3 immunisation strains for subsp. tapetis serotypes O3, O4 and O5, all of which originate from ballan wrasse, did not appear pathogenic towards this fish species in a preliminary infection trial. This was despite the fact that mortalities between 40 and 80% (2 to 4 out of 5 fish) were reached within 2 d after i.p. inoculation in all high-dose groups. Considering the course of the mortalities, however (i.e. acute onset followed by an abrupt cease), we believe that these merely reflect acute toxicity due to the high bacterial concentrations experienced by the high-dose fish. In support of this assumption is the fact that all remaining fish, irrespective of challenge strain/dose, survived through the 21 d trial without any observable signs of disease. Nor were we able to recover any V. tapetis isolates upon termination of the experiment, indicating that i.p. challenged survivors had neutralised the bacteria. Notably, while the experimental fish had no prior history of disease, we cannot decisively rule out the possibility that natural exposure to V. tapetis at some earlier time point might have awarded immunity prior to experimental challenge. Unfortunately, the pilot challenges were carried out prior to acquisition of antisera, and serotype O1 was therefore not included in this part of the study.
While our study did not suggest the tested V. tapetis serotypes to be pathogenic towards ballan wrasse, despite employing a particularly severe test of virulence (i.p. challenge), it has been previously reported that V. tapetis bath challenge may induce mortality in wild-caught corkwing (but not goldsinny) wrasse (Bergh & Samuelsen 2007) . Interpretation of the results in that study was, however, complicated by high mortalities in control groups. The strain used by these investigators was LP2 (subsp. tapetis serotype O5; Table 1 , Fig. 1) .
Evidently, various V. tapetis subspecies/subtypes are present in marine environments in Norway, although only 4 specific subsp. tapetis serotypes have been recovered from clinical cases of wrasse disease (Table 1, Fig. 1 ). This association may conceivably be due to intrinsic host predilection in this group of bacteria, e.g. as commensals in healthy individuals with the potential for opportunistic systemic invasion of weakened hosts. Undoubtedly, wild wrasse captured and held in captivity are subjected to significant stress, which could render them immunocompromised and susceptible to infectious disease. These matters require further investigation, however, before conclusions can be drawn. An extended full-scale challenge trial was nevertheless in this case deemed ethically unacceptable in relation to the limited gains in knowledge anticipated.
In summary, the present study found that examined V. tapetis isolates cultured from wrasse used as cleaner fish in Norwegian salmon farms belonged exclusively to the subspecies tapetis, and that 4 dis-tinct serotypes (O1, O3, O4 and O5) dominated. While this may reflect host specificity, a pilot challenge trial in ballan wrasse using i.p. injection with 3 of the serotypes did not support pathogenicity towards this fish species.
